Introduction {#sec1}
============

Lignite plays a very important role in fossil fuels, accounting for 12.68% of total coal reserves in China.^[@ref1]^ It provides an alternative way to produce liquid fuels and chemicals because of its high oxygen content, high volatility, and low price.^[@ref2]−[@ref4]^ However, most of lignite has been used for power generation, which is far from fully utilized and producing severe environmental pollution. The study of coal molecular structure and composition is considered important to develop processing techniques for producing clean coal and high value-added products.^[@ref5]−[@ref8]^ However, the achievements are not satisfactory because of the complexity of coal itself and the limitation of analytical techniques.

Separation and characterization of organic components in lignite are still challenges in analytical chemistry. As an effective nondestructive separation method, solvent extraction at mild condition is widely applied to the study of natural components in lignite.^[@ref9]−[@ref13]^ The particle size of coal samples and extraction time involved in the solvent extraction have been investigated.^[@ref14]−[@ref16]^ Many efforts have been made on the revealing of the molecular selectivity of solvent extraction.

The most feasible approach for coal/lignite compositional analysis at present is using solvent extraction, followed with instrumental analysis. Chromatography and mass spectrometry are the most popular techniques for molecular characterization. Liquid chromatography--mass spectrometry (LC--MS)^[@ref17]^ and gas chromatography--mass spectrometry (GC--MS)^[@ref18]−[@ref20]^ have been widely used for the characterization of coal extracts. GC--MS has been used to analyze the types and distributions of biomarkers in Xianfeng lignite,^[@ref7]^ as well as the complex humic-acid fraction.^[@ref21]^ Some heteroatom compounds with low carbon number and aromatic rings were detected in different Chinese coals.^[@ref22]−[@ref25]^ In recent years, ultrahigh-resolution mass spectrometry has brought many benefits to the study of coal molecular components and their structures.^[@ref26]−[@ref32]^ Owing to the high mass resolution and high ionization selectivity, electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS) has been applied in the molecular composition analysis of crude oil^[@ref33]−[@ref36]^ and coal-derived products.^[@ref32],[@ref37]−[@ref39]^ It is well known that coal has heterogeneity, but the distribution of the trapped molecules in the solid structure is unclear, so far.

In this paper, the molecular composition of molecules extracted from a lignite was characterized by GC--MS and FT-ICR MS. By comparing the results from various coal particle sizes, molecular selectivity of solvent extraction, the distribution of the trapped molecules, and the structure of coal will be discussed.

Results and Discussion {#sec2}
======================

Extraction Yield {#sec2.1}
----------------

The distributions in particle size of the lignites by sequential solvent extraction via continuously reducing particle size are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The particle size was divided into three fractions: 20--40, 40--200, and \>200 mesh. With the increase of grinding degree, the particle size decreased obviously. The relative abundance of 20--40 mesh coarse particles decreased sharply.

![Weight distribution (wt %) in different particle size fractions of the lignites by sequential solvent extraction via continuously reducing particle size.](ao0c00952_0001){#fig1}

The elemental composition of the samples with different particle sizes is listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The raw lignite sample (L1) has the highest values of total carbon, hydrogen, and hydrogen to carbon (H/C) ratio and the lowest values of oxygen content. With the increasing of extraction degree, total carbon, hydrogen, and H/C ratio gradually decreased while oxygen and oxygen to carbon (O/C) ratio increased. This indicates that the residue has higher molecular condensation degree and more oxygen-containing moieties than extractable components, which could contribute to the low solubility in the extraction solvents.

###### Elemental Composition (wt %) of the Samples with Different Particle Sizes

  sample    C (%)   H (%)   O (%)   N (%)   S (%)   H/C    O/C
  --------- ------- ------- ------- ------- ------- ------ ------
  L1        73.41   4.72    20.77   0.98    0.12    0.77   0.21
  L2        70.77   4.40    23.72   1.00    0.11    0.75   0.25
  L3        67.44   4.17    27.31   1.00    0.08    0.74   0.30
  L4        64.27   3.77    30.75   1.07    0.14    0.70   0.36
  L5        63.04   3.68    32.10   1.08    0.10    0.70   0.38
  residue   62.96   3.59    32.25   1.10    0.10    0.68   0.38

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the yield of *n*-hexane and methanol extraction. The total extract yield for lignite when using hexane and methanol as solvents could reach to 0.98 and 15.12%, respectively. The yields for the initial extraction of hexane and methanol were 0.57 and 8.27 wt %, respectively. The extractions were considered to be complete because the extraction time was as long as 2 weeks. The long extraction time ensured all the free molecules be extracted from the coal particle. In the later extractions, the yields are much lower than that of the former extractions; however, the total amount of these extractions also accounts for comparable values of 0.41 and 6.85 wt % for *n*-hexane and methanol, respectively. The results indicate that an equivalent yield can be achieved by reducing the coal particle size; in other words, many soluble components are trapped in the solid coal and cannot be extracted even with long-time extraction.

###### Yields of Extracts Extracted by *n*-hexane and Methanol

  sample   hexane extracts (wt %)   methanol extracts (wt %)
  -------- ------------------------ --------------------------
  L1       0.57                     8.27
  L2       0.08                     1.23
  L3       0.13                     2.62
  L4       0.14                     1.62
  L5       0.06                     1.38

Characterization of Hydrocarbon Compounds by GC--MS {#sec2.2}
---------------------------------------------------

To investigate the compositional fractionation of extraction, each extract by *n*-hexane was analyzed by GC--MS. Total ion chromatogram and mass chromatograms of normal alkanes and olefins from *n*-hexane extracts are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Total ion chromatogram (a) and mass chromatograms of *m*/*z* 85 (b) and *m*/*z* 83 (c) from *n*-hexane extracts. Note: peaks marked with an asterisk are contaminants (phthalic esters); with red dots are normal olefins.](ao0c00952_0002){#fig2}

The *m*/*z* 85 ion corresponds to C~6~H~13~^+^ produced as the fragment of n-alkanes, and the *m*/*z* 83 ion corresponds to C~6~H~11~^+^ produced as the fragment of olefins. For samples H1-3, the carbon distribution of normal alkanes was from 14 to 37, with odd-over-even predominance. Besides, C~25~ was the most abundant normal alkanes. It indicated that the long-chain alkanes in the coal mainly originated from the wax of terrestrial higher plants.^[@ref40],[@ref41]^ Interestingly, long-chain olefins were almost undetectable in H1 but showed very high relative abundance in H2 and H3. This indicated that the distributions of olefins and alkanes, even with similar molecular structure, were inhomogeneous in the solid coal.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the extraction yields of normal alkanes and polycyclic aromatic hydrocarbons (PAHs) with four to six aromatic rings, such as pyrene, fluoranthene, benzo\[*b*\]fluoranthene, benzo\[*k*\]fluoranthene, benzo\[*a*\]pyrene, indeno\[l,2,3-cd\]pyrene, and benzo\[*g*,*h*,*i*\]perylene. The mass fraction was based on the raw coal. With the increasing of extraction time, amount of extractable normal alkanes decreased gradually while most PAHs showed almost consistent values. The results implied that alkanes were free from capture of fine particles; however, PAHs were trapped in the coal particles and hardly be extracted without a physical breaking of the coal particles for the reason of aggregation of aromatic molecules for instance.

![Extraction yields of normal alkanes (a) and PAHs (b) determined by GC--MS. The value is based on the weight of raw coal.](ao0c00952_0003){#fig3}

The GC--MS analysis indicated that there were great differences for the concentration variation between normal alkanes and PAHs in extracts. It is an evidence for the nonuniform distribution of small molecules trapped in the coal structure.

Characterization of Heteroatom Compounds by ESI FT-ICR MS {#sec2.3}
---------------------------------------------------------

Heteroatom compounds in coal or its liquification products can be characterized by FT-ICR MS.^[@ref42]−[@ref45]^ The methanol soluble fractions (M1-5) were subjected to ESI FT-ICR MS in both positive-ion and negative-ion modes to investigate the molecular composition. Mass spectra of M1 and M5 are selected and are compared in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the positive-ion and negative-ion ESI broadband FT-ICR mass spectra. For positive-ion ESI mode, the mass spectrum of M1 exhibits a molecular weight distribution of *m*/*z* 200--600 with a mass center at around *m*/*z* 300, which is similar to the extracts from the Buliangou subbituminous coal reported in ref ([@ref44]). Contrastively, M5 has a similar mass range, but the distribution is more like a Gaussian curve, and the mass center is shift to around *m*/*z* 390; larger ions show higher relative abundance. For negative-ion ESI mode, the mass peaks of the two spectra are similar and mainly fall into a range of *m*/*z* 200--550.

![Positive-ion and negative-ion ESI FT-ICR mass spectra of M1 and M5: broadband mass spectra (a) and mass scale-expanded segments at *m*/*z* 380 and *m*/*z* 381 (b). Note: the asterisk indicates that the peak corresponding to a ^13^C isotopic compound.](ao0c00952_0004){#fig4}

To compare the difference in detail, expanded mass spectra segments of M1 and M5 at *m*/*z* 380 and *m*/*z* 381 are illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. Molecular composition of each peak was assigned based on the accurate mass value. Except the ^13^C isotopic ions, compounds at *m*/*z* 380 assigned from the positive-ion and negative-ion ESI modes were NO~*x*~ (*x* = 0--6) and O~*x*~ (1--8), respectively. Basic nitrogen compounds are the most common compounds detected by positive-ion ESI mode; however, oxygen-containing compounds without nitrogen atoms are also showing high relative abundance in the positive-ion ESI mass spectra (at *m*/*z* 381). It is not surprising that oxygen-containing compounds are dominant in the negative-ion mass spectra because acidic oxygen compounds are rich in the low-rank coal and are easily ionized in negative-ion ESI mode. Compound class species assigned from M1 and M5 both from positive-ion and negative-ion ESI mass scale-expanded segments are similar; however, the distributions are different. Generally, compounds presenting at the lower mass end in M5 shows high relative abundance than that in M1; in other words, compounds detected in M5 have higher condensation degree and oxygenation degree than that in M1.

The relative abundance of assigned class species of M1-5 from the FT-ICR mass spectra in both positive-ion and negative-ion ESI modes is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Totally, 17 class species were detected in negative-ion ESI mode, in which O~*x*~ (*x* = 2--4) was dominant; 13 class species were detected in positive-ion ESI mode, in which N~1~O~*x*~ (*x* = 0--3) and O~*x*~ (*x* = 1--4) were dominant. Oxygen-containing compounds, which should be assigned to ketones and/or esters, are highly abundant in the lignite, which is consistent with the results of elemental analysis ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). From M1 to M5, the relative abundance of O~*x*~ compounds with multiple oxygen atoms (3--6 for positive-ion ESI and 5--8 for negative-ion ESI) gradually increased.

![Summed relative abundance of heteroatom class species in the lignite detected by ESI FT-ICR MS in positive-ion (a) and negative-ion (b) modes.](ao0c00952_0005){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows relative abundance plots of double-bond equivalent (DBE) versus carbon number of N~1~O~*x*~ (*x* = 1, 2, 3) and O~*x*~ (*x* = 4, 5, 6) class species in M1 and M5 detected by positive-ion and negative-ion ESI FT-ICR mass spectra, respectively. From M1 to M5, both carbon number and the DBE distribution center shifted to higher values. The carbon number of N~1~O~*x*~ species ranged from 12 to 40, and the DBE ranged from 2 to 24. For N~1~O~1~ class species, the abundant compounds had DBE values of 7--16, corresponding to aromatic compounds with two to six aromatic rings. For example, DBE = 7 could be a hydroxyl quinoline. For O~*x*~ class species, the compositional difference between M1 and M5 was clear, except the DBE and carbon number distribution centers shifted to higher values, and the distribution range also expanded broadly, especially more small molecules were detected. The most abundant compounds of O~4~, O~5~, and O~6~ in M1 had an identical DBE value of 10, implying that these compounds have the same skeleton structure but different number of hydroxyl groups and/or ketones and esters.

![Relative abundance plots of DBE vs carbon number of N~1~O~*x*~ (+ESI) and O~*x*~ (−ESI) class species in M1 and M5 assigned from the FT-ICR mass spectra.](ao0c00952_0006){#fig6}

Structure Features of the Lignite {#sec2.4}
---------------------------------

The coal structure has been proposed and disputed for a long time in the community of coal chemistry^[@ref6],[@ref46]−[@ref48]^ because of the heterogeneity in structure and dispersity in molecular composition of coal. However, the results obtained from this study provide important clues for the academic understanding of coal structure.

As mentioned above, more polar component could be extracted from the coal when the particles were milled into smaller sizes. This indicates that some low solubility molecules are trapped in the solid structure. The particle size is in a magnitude of micrometer, which is three orders than the extracted molecules with a magnitude of nanometer. Theoretically, much more soluble components would be extracted in the solid coal with the decreasing of particle size. The approach by solvent extraction to evaluate the content of small molecules was not appropriate, and closure effect could lead to an underestimation of the content of small molecules in the coal. How to break the enclosed construction of the coal should be a key issue for the development of liquification technologies for coal processing.

The compositional difference among the extracts obtained from coal particles in different particle sizes indicates that the distribution of small molecules in the coal is heterogeneous. Most hydrocarbons were obtained in the initial extraction. Molecules with high condensation degree, such as N~1~, N~1~O~*x*~, and O~*x*~ species with higher DBE values, were enriched in fine particles, which have high inbuilt state, preventing the disruption in the grinding. In addition, molecules with more oxygen atoms have stronger intermolecular forces and are more easily tend to be trapped in the solid structure of the coal.

Conclusions {#sec3}
===========

Compounds extracted from a lignite by sequential solvent extraction via continuously reducing particle size were characterized by GC--MS and ESI FT-ICR MS. The total extract yield for lignite, when using hexane and methanol as solvents, could reach to 0.98 and 15.12%, respectively. Hydrocarbons occupied a small part of the total extracted component of the coal while oxygen-containing compounds were abundant. Totally, 17 class species were detected in negative-ion ESI mode, in which O~*x*~ (*x* = 2--4) was dominant; 13 class species were detected in positive-ion ESI mode, in which N~1~O~*x*~ (*x* = 0--3) and O~*x*~ (*x* = 1--4) were dominant. The heteroatoms had a distribution of carbon number and DBE in values of 12--40 and 2--24, respectively. It was found that a significant proportion of low solubility molecules were trapped in the coal structure. Closure effect could lead to an underestimation of the content of small molecules in the coal. It is a key issue to break the enclosed construction of the coal for the development of liquification technologies for coal processing.

Experimental Section {#sec4}
====================

Samples and Reagents {#sec4.1}
--------------------

The Liaodong lignite was obtained from eastern depression of Liaohe basin, Liaoning province, China. The original coal sample was ground, sieved through a 20 mesh, and desiccated under vacuum at 107 °C overnight. All samples in this study were stored under nitrogen before use. Normal hexane and methanol were purchased from Aladdin Industrial Corporation, Shanghai, China. The solvents used for extraction were further purified by distillation. Formic acid (98%) and ammonium hydroxide (28 v % NH~3~ in water) were purchased from Sigma-Aldrich.

The coal samples were ground manually with a mortar and separated with standard sieves to measure the particle size distribution in sizes of 20--40, 40--200, and \>200 mesh. The elemental composition (carbon, hydrogen, oxygen, and nitrogen) of the samples was measured with Elementar Analysensysteme GmbH Vario EL cube, and the heat-treatment temperature of samples is 950 °C. The sulfur content was acquired through an ANTEK 7000 elemental analyzer.

Sequential Solvent Extraction {#sec4.2}
-----------------------------

Long-term (around 5 months) solvent extraction was carried out on the lignite for the preparation of dissolved matters for molecular composition analysis, and the procedure is illustrated in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The dried coal sample (50 g) was extracted with 350 mL of *n*-hexane and methanol sequentially in a Soxhlet extraction apparatus. Each extraction lasted for around 15 days under a nitrogen atmosphere. After extraction, each extract was filtered, and the solvents were removed below 80 °C with vacuum rotary evaporation; then, extracts and residue were dried in vacuum at 65 °C for 5 h. About 30 mg of dried residue was taken out for elemental analysis, others were milled and separated by sieving. Separated particles with different particle sizes were weighted and mixed together again for next round of extraction. The procedure was repeated for five times to obtain totally five *n*-hexane extracts and five methanol extracts. The lignite samples for the five extraction processes were labeled L1 to L5, in which L1 had the largest particle size. The extracts obtained by *n*-hexane and methanol were named H*x* and M*x* (*x* = 1--5), respectively.

![Procedure for the sequential solvent extraction. H: *n*-hexane extract, M: methanol extract.](ao0c00952_0007){#fig7}

GC--MS Analysis {#sec4.3}
---------------

The analysis of *n*-hexane extracts was carried out on Thermo TSQ 8000 Evo/Trace 1310 GC--MS equipped with a DB-35 MS column (30 m length × 0.25 mm i.d. × 0.25 μm film thickness). The chrysene-*d*~12~ was used as an internal standard for quantification. Approximately 20 mg of each sample and 0.1 μg of internal standard were dissolved in 1.0 mL of *n*-hexane solution for the quantitative analysis of aromatic hydrocarbons.

The injector and the transfer line were both operated at 300 °C. The GC oven was held at 80 °C for 3 min, raised to 120 °C at a rate of 10 °C/min, then ramped to 310 °C at a rate of 3 °C/min, and finally held isothermal for 25 min. Helium was used as carrier gas at a flow rate of 1 mL/min. The injection volume was 1.0 μL at splitless mode. An ion source (EI, 70 eV) was kept at 230 °C. Mass spectra were acquired in full scan mode with a mass range of 50--550 in a 0.6 s scan period.

FT-ICR MS Analysis {#sec4.4}
------------------

The molecular characterization of methanol-soluble fractions was subjected to Bruker apex-ultra FT-ICR MS, which was equipped with a 9.4 T actively shielded superconducting magnet. The extracts were dissolved in methanol to a concentration of 10 mg/mL and then diluted with methanol to 0.2 mg/mL. Each sample solution was infused into an Apollo electrospray ion source at a flow rate of 200 μL/h with a syringe pump. The ESI source was operated in both positive-ion and negative-ion modes to analyze different types of heteroatom compounds.

The operating conditions for the negative-ion mode (−ESI) were as follows: the spray shield voltage, 4.0 kV; capillary column front and end voltages, 4.5 kV and −320 V, respectively. Ions were accumulated 1 s in the hexapole collision pool, and the delay was set to 1.0 ms to transfer the ions to an ICR cell by the electrostatic focusing of transfer optics. The RF excitation was attenuated at 13.5 dB. The mass range was set at *m*/*z* 150--800. The data size was set to 4M words. A total of 64 scans were accumulated to enhance the signal-to-noise ratio and dynamic range. Each sample was added with 20 μL of NH~4~OH (28 wt % solution of NH~3~ in water), which would stimulate the deprotonation of acidic compounds and neutral nitrogen species.^[@ref49]^

The operating conditions for the positive-ion mode (+ESI) were as follows: the electrospray ionization was operated with the emitter voltage at −4.5 kV. The front and back end voltage of capillary column were −5.0 kV and 320 V, respectively. Ions were accumulated 1 s in the hexapole collision pool, and the delay was set to 0.9 ms to transfer the ions to an ICR cell. The mass range was set at *m*/*z* 150--800. The RF excitation was attenuated at 11.75 dB. A total of 64 scans were accumulated. Formic acid (10 mL, 99 wt %) was added to sample solution to yield \[M + H\]^+^.

Data processing is carried out by using a home-build software, which has been described previously.^[@ref50],[@ref51]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00952](https://pubs.acs.org/doi/10.1021/acsomega.0c00952?goto=supporting-info).Broadband mass spectra of positive-ion ESI FT-ICR mass spectra of M1-M5, broadband mass spectra of negative-ion ESI FT-ICR mass spectra of M1-M5, relative abundance plots of DBE versus carbon number of N~1~O~x~ and O~1~ class species in M1-M5 assigned from positive-ion ESI FT-ICR mass spectra, and relative abundance plots of DBE versus carbon number of O~x~ class species in M1-M5 assigned from negative-ion ESI FT-ICR mass spectra ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00952/suppl_file/ao0c00952_si_001.pdf))
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